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LT. INTRODUCTION 

In recent years, research into the dcdevelopment and 
application of high fower lasers for both commercial and 
military uses has received mucn emphasis. The demands 
imposed cn optical materials used in these laser systems has 
Sparked much research into the prevention of damage to 
transparent dielectrics from a»igh power laser pulses. 
Additionally, because of the expanding interest in the mili- 
tary uses of lasers, failure of glass as a target of laser 
pulses must be addressed. Solutions to these damage prob- 
lems require a complete understanding of the damage meécha- 
hisms involved. 

Damage to glass from high power laser pulses can be 
classified as either surface damage or bulk (internal) 
damage. By far the more serious of these is surface damage 
kecause surface damage occurs much more readily and ata 
lower laser intensity [Ref. 1]. Although surface damage can 
occur without the formation of avisible plasma [Ref. 2], 
ali damage investigated here was caused by or accompanied 
plasma formation. 

When a high power laser pulse is incident on a trans- 
parent dielectric, no visikle damage occurs unless’ the 
energy of tne puise exceeds a certain minimum threshold 
value knewn as the damage threshold. Threshold studies have 
reen made on a wide variety of glass targets and have ind- 
cated a material dependence on the condition of the suriace 
of the glass (i.e., number of cracks, pores, or scratches) ; 
folishing techniyues used in the production of the glass 
(etching or chemicals used); and any heavy metal ions 
embedded in the glass surface (either as a strengthener cr 


aS ah unwanted result Greene — DanWEacCturingd process) . 


Additionally, the pulse length of the laser, the transverse 
mode of cperation of the laser, and beam width of the pulse 
have been shown to affect the surface threshold. 
[Refs. 3-6] 

PFecause the glass targets used are transparent and of 
finite size, two surfaces, the entrance (toward the laser) 
and exit (away from the laser), are affected by the laser 
pulse. The threshold for damage on the exit surface is less 
than that for the entrance surface creating an asymmetric 
damage pattern. This can be explained partly by tne theory 
of Fresnel reflections [Ref. 7}. 

Many damage mechanisms are responsible for laser-induced 
glass damage. Among these are stimulated Brillouin scat- 
tering, thermal shock and resultant microplasma production 
caused by material defects or particle inclusions, electron 
avalanche at the surface, and thermal stress [{Ref. 8]. The 
first of these is strictly an internal damage process and 
will not ke discussed. 

An electrical plasma surface interaction process’ that 
has been shown to ce the primary cause of laser produced 
plasma damage to metal targets 1S unipolar arcing. Although 
demonstrated extensively in conducting surfaces, studies of 
URIpolar arei ug = 1n° Nnon-conduceima materials have been 
sparse. The theory of unipolar arcing does not limit laser 
damage to highly conducting materials. Part of the research 
presented here is to determine the extent of unipolar arcing 
in dielectric materials. 

This thesis presents a qualitative description cf laser- 
induced surface damace in glass and lays the framework for 
future study of the unipolar arcing process in poor conduc- 
tors. Experimental results of numerous laser shots on glass 


slides are presented and analyzed. 


II. THEORY 

Damage to glass Ly laser pulses has received much atten- 
tion in the s@uienta fie and industrial communities. 
Investigation of damage mechanisms has demonstrated the 
importance of a large number of factors in determining 
surface damage threshclds. Scme of these variables include 
pulse-duration of the laser, beam diameter, beam focussing, 
laser transverse mode of operation, laser frequency, and 
details cf target material preparation. This list becomes 


substantial when microscopic factors such as plasma fcrma- 


tion parameters, heavy ion or dielectric particle inclu- 
Suens, plasma In Stajyoi 1 inkene s , and thermal Shock are 
considered. Many experimenters have failed to consider the 


importance of one or more of these parameters and, there- 
fore, it becomes difficult to compare various experimental 
findings and to understand their relation to a particular 
damage theory. This chapter presents the theories relating 
to a number of possible damage mechanisms for surface damage 
in glass without specifying as to under what conditions one 
mechanisgr will dominate. The theories to be discusseé are 
electron avalanche breakiown, absorption by impurity atoms, 
inclusions, or surface defects, Fresnel reflections, and 


unipclar arcing. 


A. ELECTRON AVALANCHE BREAKDOWN 


At high laser intensity levels, absorption of photons by 
atoms at the surface of the target material is sufficient to 
cause ionization and flasma formation. But those atoms not 
ionized or partially ionized may be excited by absorption of 


enough laser energy for the electrons to overcome the band 


gap energy of the fraterial. This produces an increased 
conduction band of electrons which can excite other elec- 
trons into the conduct#on band by impact ionization. 
Continuation of this process leads to an exponential 
increase in the number of conduction electrons. This 
process is called electron avalanche. [Ref. 9] 

For eiectron avalanche tc lead to breakdown of the 
material, the magnitude of the electric field must Le suffi- 
ciently high for the duration of the pulse. Thais leadsmte 
the ccencept of a minimum electric field and associated laser 
power density at which breakdown occurs. Additionally, the 
lifetime of electrons in the conduction band must Le large 
in comparison with the time between electron collisions in 
the avalanche chain. All this leads to a dependence on 
pulse duration for threshold level damage at energy densi- 
ties cn the order of 100 J/cm? or greater (Fiyure 2.1). For 
an energy density of 100 J/fcm@, the threshold is constant 
for pulse durations cf about 10-7 seconds or less. Long 
pulses require a greater energy density to effect darage. 

At high enough plasma temperatures, electron avalanche 
Ereakdown can occur away from tke laser impact point in 
areas heated by the flasma alone. This usually requires 
some initiating mechanism for Ereakdown such as a "hct spct" 
created ky a particle inclusicn or surface defect. In fact 
the end result of hot plasma inclusion damage, discussed in 


the next section, is usually an avalanche breakdown of this 


type. 


Be. ABSORBING INCLUSICNS AND SURFACE DEFECTS 


The initiation of electron avalanche damage is aided by 
local defects or inclusions at the laser impact area. The 
Size cf these inclusicns or defects is usually much smailer 


than a wavelength j Ref. 10]. Any larger defects can usually 
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be detected before laser impact by optical inspection and 


therefore avoided. 
1. Farticle Inclusions 


The mechanism of inclusion damage in glass is 
related to the temperature rise of particles or grours of 
particles hear the surface relative to the surrounding glass 
[ Ref. 11]. Metallic particles exhibit the greatest effect 
but at high enough temperatures, heating of ceramic or 
dielectric particles can also result in failure. A great 
many studies of platinum inclusions in laser glass have been 
made. The results of these can be extended to any retal or 
non-metal impurity. 

As the laser-induced plasma expands and heats tne 
surface, any particle inclusion or group of inclusicns on or 
very near the surface will be heated. Metal inclusions will 
heat faster than the surrounding glass. The inclusion will 
expand according to its thermal expansivity and the glass- 
particle interface will be affected by the heat capacities 
and the thermal conductivities of both particle and class. 
Temperatures of the particle can exceed 10%K and a layer of 
molten glass may form around the particle [Ref. 6}. The 
expansion of the particle creates a stress in the nearby 
cooler glass which can be higher than the strength cf the 
glass. This produces failure. 

Many quantitative descriptions of this process nave 
determined that the cptimal radius of particles for damage 
to occur is on the order of 0.5 to 1.0 microns [Ref. 12]. 
This figure is pulse length dependent, however, as short 
laser pulses can more easily heat small inclusions and long 
pulses large inclusicns [Ref. 8 sp. 13 j. Damage can take 
Many forms but usually consists of a smali pit or crack in 
the surface which may have a spallation or microplasma Tring 


around it. 
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De Surface Defects 


The surface of a glass can have many defects of 
Microscopic size depending upon the care of manufacture, 
preparation, and handling. Figure 2.2 [Ref. 10 <p. “Geze 
showS scme representative glass surface defects. Referring 
to Figure 2.2, dimensions are r = 0.1 ia, c = Quan fin, and 
a= 1 jin. The electric field at these defects will be 
enhanced kecause of the build-up of standing waves inside 
the cavities. These electric fieid enhancements can be 
calculated by the aprlication of electrostatics. The effect 
of the electric field enhancements is to concentrate mere of 
the energy of the laser in the neighborhood of the cracks 
and pores so that the threshold for damage by electron 
avalanche breakdown may be increased by a factor of two to 
five depending on the geometry of the crack and dielectric 
constant of the material [Ref. 10 :pp. 661-662}. 

If absorbing particles are located near cracks or 
defects in the material, the increase in damage can be 
Hult Leliecatave. Microplasma production at these sites can 
cccur because of the increased damage potential by evarpora- 
tion and ionization of atoms heated by the large energy 


concentrations. 


C. FRESNEL REFLECTICHS 


Cne source of asymmetry that is present in suriace 
damage experiments is wave reflection from the exit and 
entrance surfaces of glass. Figure 2.3 shows the electric 
field and wave vectcrs for a transverse polarized wave in 
air striking a thin glass target at normai incidence. The 
wave will be partially reflected at the entrance surface cut 
the reflected wave will suffer a phase snift of 180° with 
respect to the incident wave because the glass has a higher 


index of refraction than air. Fresnel's equations give the 
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Eegure 2. 1 Electron Avalanche Damage Threshold. 
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Figure 2.2 Typical Surface Defects in Glass. 
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relation Letween the magnitudes of _ tlhe lacidgent and 
reflected and the incident and transmitted oscil tatingeclcam 


tric field vectors at the surface of the glass as: 


=RI eer! 

lent = 0 fae — 
25 joe pa) 
By, Z 

tent =" eo, Soe > ee (2.2) 
ET | + on 


where Ey; , Ep, and Ey are as depicted in Figure 2.3 and n is 
the index of “Tetvact On son gence ge aco. Lent 1S Cailegeime 
amplitude reflection coefficient and tenpr 1S called the 
amplitude transmissicn coefficient. For n = 1.5, an aperax. 
imate value for glass, eye= Ey or the electric field ies 
reduced te four-fifths its incident value just inside the 
entrance surface. f{ Ref. 7 sp. 364] 

At the exit surface, there is no phase shift of the 
incident wave so that the reflected wave increases the elec- 
tric field vector acrcss the interface. In this case, eyua- 


tions Zs and mec peccne. 
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Figure 2.3 Flectric Fields and Wave Vectors 
for a Tranverse Polarized Wave. 


This amounts to 0.96 times the incident wave amplitude for 
pameeeaex Of rerraction of 1.5. The electric field at the 
exit interface maximizes because or the lack of phase shift 
of the reflected wave. 

tf the assumption is made that the amount of damage 
Sustained by the glass is profortional to the amplitude of 
the electric field vectors, the above discussion leads to 
the ccnclusion that the damage at the exit surface of the 
Material wili be more severe than at the entrance surface. 
Experiments have conzirmed this [Ref. 2 :p. 657}. 

Plaswa formation on both entrance and exit surfaces 
affects the reflecticn andi transmission of the incident wave 
Gemedenm Surface. Figures 2.4 and 2.5 show exit and entrance 
Surfaces respectively when a plasma is present. The index 


of refraction of a lossless plasma is given by: 
ly 
aN? 
— age CJ» (2.6) 
2 = io 
GQ 
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where G) is the angular frequency of the incoming pulse and 


(Wp is the plasma freguency. The plasma frequency is given 
smal 
| 
A \ 
ae ne 
i €,m Cam 


The plasma frequency 1S proportional to the square root of 
the free electron density so that as the density of the 
plasma changes the irdex of refraction will vary between 
zero and one. AccCorecing to equations  Z seed 227, Mm, is 
real as long as the flasma density 1s less than a critical 


density, n When the piasma density exceelts this value, 


ees 
the index of refraction becomeS imaginary. This leads to 
total reflection of the beam by the plasma. [ Ret. 2 pe 
658 ] 

As the plasma density increases, a standing wave is 
formed inside the glass near the exit surface. The electric 
field amplitude can increase guite dramatically within a 
quarter wavelength cf the exit Surface inside the glass 
leading tc the potential for severe damage at the exit 
surface. The Situation is reversed at the entrance surface 
for when the piasma density here increases past the critical 
density, the incident beam is reflected away from the glass. 
Thus the plasma shields the entrance surface from the kLeam. 
{[Ref. 2 sp. 658} 

The akove descrirftions do not take into account lcsses 
that cccur in both tke glass and the plasma which result in 
the heating of both. Very erfective heating of the plasma 
leads to thermal sheck and increased chance for damage by 


electron avalanche, inclusion stress, or unipolar arcing. 
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Eagure 2.9 Exit Surface with Plasma Formation. 
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hagure: 2.5 Entrance Surface with Plasma Formation. 
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D. UNIPCLAR ARCING 


1. General 


Unipolar arcing has been shown to be the primary 
plasma-Surtace interaction process when a laser-rroduced 
plasma iS in contact with a conducting Surface [Refoiage 
Unipolar arcing is an electrical process which leads to 
crater formation wien a sufficiently hot plasma is in 
contact with a wall. Many micro-arcs burn Letween the 
plasma and the wall driven by the sheath potential with the 
wall acting as both cathode and anode. fRef. 14] prevides a 
detailed description of the historical development cf the 
theory ci unipotamearemq. 

According to the Robson-Thoneman model of unifolar 
arcing, for a unipclar arc to be sustained, the eiectron 
temperature, Te, Of the solasta Snustvenn. ci The sheath 
potential, VWs, 1s established anc depends on the electron 
temperature. Once an arc is initiated, the plasma pctential 
then lowers to the cathode fall potential, Ve Al 42ke 
consists of a strong local emission of electrons from the 
cathode into the plasma. The flasma's guaSi-neutraiity Gust 
ke maintaine? by a return electron current which reaches the 
surface through the lowered plasma potential and closes th-« 
current ioop. The return current to the the plate of area A 


is given by: 





=o ‘ k Te 2 : e e Vc (2.3) 
Bee cil 27a P k Te 
— ex - 
ee 


18 


where Nn, is the electron density ande is the electron 
Gmagege. ihe arc is sustained until I, falis below a aininun 
value, Ig. Onewvatue or fo depends upon the material of the 
Preewe [| Ref. 15}. Piguecocm ecm and 2.7 sdepiet equilibrium 
fiows Letween piasma and plate for this simple sodel. 

The Robson-Thcneman model assumes a coustant plasma 
density. the present Schwirzke-Taylor model ‘for unirfolar 
aoemma | Ref. 15 spp. 2-6] takeS into account the fact that 
for an arc to develor, the ion density above the cathode 
Speremust increase tc allow icr an increased electron flow 
to the piasma. This variation in plasma density increases 
the plasma pressure arove the cathode spot which leads to an 
electric field component in the radial direction tangential 


to tke surface. This radial field is jgiven bv: 


a ; 
Z, ~ wae Kole d Ne 4. J (2.9) 
eis dr Gi 
where j 1S the current density and Q the electric cenduc- 
PlieL CY « Piicom soe lod |SChematlic of the Schwirzke-Taylor 
nodel. 


EFlasma-surface arcing 1S a dynamic process that nmtst 
be described in terms of constantly changing variatles. 
Some of these variables are plasma temperature ard censity, 
laser power and pulse duration, target surface material and 
PEOperties such aS electrical conductivity, varor tressure 
as a LUNet Lol meoL Surface temperature, and thermal 


Gonductivity. 
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Modifying equation 2.8 for an r-dependent electron 
flow to acting area of eamrAr gives: 
! 
2 
fa OTT an e =” 
a (rye | 
: 270m, 


(2.10) 





exp | — a 'v,(r)=Va()] 


where Vp (r) and VW, (cr) are the plasma potential and the 
potential of the wall respectively. The skeath potential is 
then Ve{z£) = Velie) = Vo (x)- The ion Flow to the surface is 
deterrpined by the numker of ions entering the sneath and is 


independent of the steath potential: 


2k Te 


27 (ana ely) 
M - 


is = 0.4 en,(r) 


The surface will be charged with a net ClLarge when 1. "amg 
biggh sts ang ey ar Since n,(r) = mn. (r), ‘tne Exponential terug 
ecuation 2.10 will larcely determine the net Surface charge. 
AS Seen Ine ie treee., the plasma potentiai decreases with 
increasing radial distance from the crater such that the 
Surface charge becomes more negative away from the cathode 
SpoOee This sets up a suritace electric field with "oe 
cathode spct more }pcsitive than the surrounding ring area. 
The return current will then depend on the electron surface 
mobilaty and diftiusiGr. [Rete 1S eee) 

For a material of high resistivity to initiate and 
Sustain an arc, electron surface nobility must ke nigh 
enough fcr this return current to complete the current loop. 
At the high plasma temperatures known to occur on the crder 
of 108K in glass [Ref. 7 sp. 655], thermal breakiown at the 


surface of the glass can lead to liberatior of electrons and 


20 


vaporization of atoms from the material. This Eccomes more 
significant at surface irregularities or heavy ion inclusion 
spots (see sections A and B above). AGwual. <daelectric 
tEreakdown of the glass can occur in localized spots which 
allows a flow of current to be set up. If conditions like 
this exist, which becomes likely at high enough flasma 
temperatures, an arc can be initiated ard sustained long 
enough fcr a crater to form. However, it is logical to 
conclude that the size of the crater thus formed will be 
smaller than one formed in conducting materials. Schwirzke 
[Ref. 15 cp. 12} describes the results of experiments to 
determine the effect cf laser pulses on conducting materials 
coated with a non-ccnducting coating and semi-conducting 
Siliccn. The results indicate that unipolar arcing does 
occur in these materials but that the sizes of the craters 
are smaller than in conducting materials. Although the 
degree of conductivity of the materials in Schwirzke's work 
is still orders of mragnitude greater than that of glass, 
the ainstabilities and non-uniformities associated with a 
high energy laser produced plasma interfacing with a surface 
can tke expected to greatly influence properties such as 
conductivitv. The theory of unipolar arcing needs further 
refinement as investigation of the effects of high tempera- 


ture flasmas proceeds. 


21 


CE 


,? 
| —_ 


Figure 2.6 | Equilibrium of Isolated Plate 
with no cathode spot. 
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Figure 2.7 Equilibrium of Isolated Plate 
with a cathode spot. 
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ITI. EXPERIMENTAL DESIGN 


Aw. EQUIEMENT 


The ecuipment used in this thesis consists of a neody- 
Mium glass laser and target test chamber. An optical micro- 
scope and a scanning electIcn microscope were used to 
evaluate target damace. Figure 3.1 shows the experimental 
set-up of the laser and target test chamber. 

The laser was used to irradiate test samples placed in 
the target test chamber under vacuun. Samples were evalu- 
ated for surface damage by €xamination under optical and 
scanning electron microscopes. Polaroid photographs taken 
of the laser interaction with the target surface were used 


to verify the existence of a plasma. 


1. Laser System 


A KORAD kK-1590 Q-switched neodymium glass laser was 
used to irradiate the target surfaces and form the damaging 
plasmas. This laser emitS rominal 25 nanosecond (FWHM) 
pulses of wavelength 1.06 micrometers with a variabie energy 
output of between 1 and joules. A detailed descrirticn of 
the laser installaticn is provided in [Ref. 16]. 

The incident laser pulse was highly focussed on the 
target to an impact area of from roughly 9.3 to 4.0 x 10-3 
cm@ giving an irradiance on target of from 0.75 to 16.5 
kilojcules/cm?. The laser total output enerjy was measured 
through an 8% beam splitter uSing a Laser Precision RK-3209 
Series Pyroelectric Energy Meter reading from an RE 549 


detector. 
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Figure 3.1 Laser and Target Test Chamber Arrangement. 
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2. Target Test Chamber 


The target test chamber is a polyhedron of unkaked 
aluminum with an internal volume of 12.9 + 0.3 liters. The 
vacuum system, using an oil diffusion pump and liquid 
nitrogen cooled baffle, can provide pressures of the order 
Gil 0ee- Tomi. The laser beam was aligned 30 degrees fron 
normal to the target surface. The targets were held by a 
probe holder inserted in the chamber through a vacuum seal. 
A lens hclder in frent of the chamber allows the placement 
of a focussing lens. Two different focal length lenses were 
used, a 30.6 cm and a 19.4 cm lens. The distance from lens 
to target was varied from 26.0 cm to 30.0 cn. An observa- 
tion fort on top of the chamker allows access for photcg- 


raphy of the laser shcts. 


A Bausch and Lomb Dynazoom Bench Metallograph 
optical pricroscope was used to examine the target surfaces 
tefore and after damage. The Bausch and Lomb microscope 
frovides magnificaticns from 50 to 800K. A photo attachment 
assembly to the microscope allcws photographs to be taken of 
the target samples. This Microscope utilizes d¢éirect 
lighting cf the target samples through the lens [Eut, by 
uSing an outside light source directed on the target, a 
greater depth of field can be seen. Indirect lighting was 
used Ey itself or with direct lighting to give a _ tetter 
overall perspective cf target damage tnan direct lighting 


alone. 


4. Scanning Electron Microscope 


A Cambridge Stereoscan S4-10 Scanning Electron 
Microscope (SEM) was used to examine some of the targets. 


In order for the tarcets to be seen with the SEM, they were 
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first coated with a thin layer of either aluminum or gold in 
order to provide a conducting surface to act as the electron 
Gemlector in the SEM. A VEECC VE-401 Automatic High Vacuun 
Evaporator was used for this purpose. The SEM frovides 
magnifications from 20 to 100,000X. The advartage of the 
SEM 1s that it can provide higher magnifications and greater 


depth of field at lower nagnifications. 
De argets 


The targets for the laser shotS were Corning “icro 
Peeaes, NO. 2947, 3 x I" plain, thickness 0.96 to 1.06 mn, 
Manufactured for general laboratory usage. They were chosen 


as target samples because of their availability, cost, and 


generally consistent ccntent. The glass of these slides is 
an ordinary soda-lime window glass, lower in ircn than 
typical window glasses. The iron content of the glass, a 


by-product of manufacturing, expressed as Fe203, is 0.03%. 
mie, apprcexi@ate compcsition of the glass is: Silica (Si05) - 
72%, Soda (Na,0) —- Sk, Lime (CaO) - 9%, Magnesiun Cxide 
mmo) - 3%, and Aluminum Oxide (Al2g 03) - 1h. Takkle TI 
contains selected properties of this particular glass. 
Chapter II of this thesis contains informaticr on the 
effects of some of these properties on the damage resistarce 


of this glass to laser pulses. [f Ref. 17] 


Be EXPERIMENTAL PROCEDURE 


1. Sample Preparation and Target Shots 


= === Se —> > 


The glass slides were thoroughly cleaned with soap 
and water, then with acetone and methyi alcohol before freing 
mounted in the test chamber. One slide was not cleaned at 
all before mounting in order to compare the degree of damage 
with the degree of surface contamination. Seiected samples 


were then examined under the optical microscope using pcth 


2] 


TABLE I 
Selected Properties of Target Glass 


Type Soda Line 
COLOr Clear 
Thermal Expansion 0-300°C: 93.5 X 10-* cna 
Thermal Stress 328) IC 
Resistance 
Density 2.47 g/cns 
Young's Modulus 7.1 X10% kg/nmne 
LOgy of Volume Zo: Seize 
Resistivit 250°C: 6.4 
(oha-ca 350° Creel 
Dielectric Tel at 1 MAZE 20CC 
Constant 
Refractive Index 1.5712 (at 589.3 nm) 
SOULCES 


{[Re£f. 17 spp. 8-9] 


direct and indirect lighting to test for cleanliness and 
inspect the surface fcr any apparent defects. Once placed 
in the chamber, the vacuum system was activated and the 
chamber was pumped down to a fpressure of 107-©® Torr or less. 
A Helium-Neon laser was used to align the target at the 
correct position in the chamber. The correct lens was 
placed in the lens hclder and then the distance from lens to 
target was measured. 

The laser was fired at the target while a Polaroid 
Snapshot of the impact was made to verify the existence of a 
plasma. Shots withcut apparent plasmas were disregarded and 
new Slides were inserted as targets. The old slides were 
discarded. The energies of the shots were read off the 


energy meter and reccrded. 
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z- Surface Damage Investigation 


The damaged samples were thoroughly examined under 
the optical microsccpe on toth the entrance and exit 
surfaces. Selected samples were then coated with aluminun 
or gold in the evaporator and mounted for viewing under the 
scanning electron microscope. The samples were then exan- 
ined with the SEM. 
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IV. RESULTS 


Numercus laser shots were made on 1.0 mm thick glass 


slides at different fccal distances and varying power densi- 


ties. The main tyres of surface damage observed can be 
classified into five categories: 1) large exit surface 
Dae nice, 2) entrance surface cracking or crazing, 3) 


rippling or melting cf the surface at the impact area, 4) 
ring formation, and 5) micropitting caused by particle 
inclusicns or by imperfections in the surface. Not ali@en 
these damage results cccurred in every case, but rather the 
power density of the laser on the target affected the tyre 
and degree of damage encountered. 

Stall (on the order of 1 micron) diameter holes have 
also keen observed and photographed which could possikly he 
unipolar arc craters. These holes exist to a varying degree 
in all targets and have somewhat the characteristic apfear- 
ance of unipolar arc craters. Unipolar arcing is discussed 
following a detailed description of the other damage mecha- 


nisms below. 


As. PLASMA SURFACE DASAGE 


le Larges Exit Surkace Pittumn, 





Large pits in the exit surface of the 1.0 om thick 
glass targets were observed in several shots. In each case, 
the slide was situated at or near the focal point of the 
lens in the target test chamber. Figure 4.1 shows one such 


pit of an approximate diameter of 1.2 om. The shot that 


f= 


produced this damage had a power densitv of &3923 
Gigawatts/cn2 and energy density of about 1G2m2 


kilojculesycm?, a vaiue much much greater than the threshoid 


level of about 110 joules/cm? [Ref. 5 :p. 53]. The depth of 
the crater 1S approximately 0.6 mm or one-half the diameter. 
Surrounding the crater appear to be tracks of material 
ejected from the crater radiaily and deposited on the glass 
surface. These tracks extend outwards 0.8 mm from the eage 
of the crater fairly symmetrically. Although a plasma was 
present on the exit surface and helped cause damage, the 
ring formation normally seem for plasma surface interactions 
(see subsection 4 belcw) is not observed outside the crater. 
This indicates that the plasma cloud may not have extended 
beyond tke rim of the crater. The observed pattern is anal- 
ogous to an explosion where particles are spewn out frem the 
center in all directions. These with the greatest momenta 
will ke deposited farthest from the crater. The fractured 
appearance of the crater suggests such anexflosion has 
taken place on or very near the surface of the giass. 

The explanation of the crater formation itself 
follows from Fresnel reflecticn theory. A large amplitude 
standing wave is created inside the giasS within a guarter 
wavelength of the exit surface. Tnis large amplitude & 
field initiates pitting. As the pit forms, aksorption of 
the beam is enhanced Ly the irregular surface of the pit and 
the size of the pit increases dramatically for the length of 
the pulse as material is ejected outwards at high velocities 


from the surface [Ref. 15 :pp. 655-660}. 
Ze Entrance Surface Cracking 


In all cases in which large exit surface pitting 


Sceurred, the entrance surfaces were damaged much less 
severely. Figure 4.2 1S a photograph of the entrance 
surface cif the same target as Figure 4.1. No pitting has 


occurred but rather a cracking or crazing of the surface is 


Mevabent ee =aaLtaondliy, a Eippling of the surface has 
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Large Exit Surface Crater, 
-2 mom diameter (50X Optical). 





Figure 4.2 


Entrance Surface Cracking (50X 
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occurred in areas where the cracking has not. The surface 
rippling is centered at the laser impact area and the cracks 
extend in almost ail directicns from there. The damage 
observed in Figure 4.2 is apparently caused by therzral 
stress as the hot, expanding plasma interacts with the 
target surface. The entrance surface plasma is hotter than 
the exit surface plasma [Ref. 15 spp. 655-660] which may 
explain why cracking was never observed on the exit surface 
of targets. The fact that no pitting occurs at the entrance 
surface indicates that the damage on this surface is caused 
Ey the plasma, that is, external to the surface and not by 
any factcrs internal to the glass. This contrasts with the 
large exit surface pitting damage which indicates an 
internai mechanism for damage. Because glass iS a non- 
crystalline material with no regular internal structure, the 


non-uniform appearance of the cracks is as predicted. 


Se surikace Melting 


SSE eS a ee ee 


The deformaticn of the glass at the laser impact 
point of Figure 4.2 is a rippling of the surface caused by 
melting and upheaval of the glass. This thermal stress was 
seen to cccur on most target shots. The plasma created is 
quite hot initially, on the order of 10*K or greater 
meet. 15 Gepen 655 }. The characteristic time for plasma 
formaticn is on the crder of one nanosecond [Ref. 18}, so 
that as the plasma grows and expands, it shields the surface 
from the remainder cf the laser pulse. Thus the plasma 
absorrs a great deal of the laser energy and the result is 
thermal shock to the surface. Thais ~erfects the rippled 
deformation and the cracking of the surface. 

Figure 4.3 is a photograph of a iaser impact area on 
the entrance surface cf a target sample. The power density 
of this laser shot was 59.4 GW/cm? at an energy density of 


1485.4 J/cm?. The laser was focussed at a point 6.6 cm in 
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Figure 4.3 Entrance Surface Deformation (200X Optical). 
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Figure 4.4 Ring Formation (50X Optical). 


front of the target surface and thus the beam size at the 
front surface of the target was much smaller than at the 
exit surface. This created a greater damage pattern on the 
iront surface than cn the back in contrast to the normal 
damage pattern. No pitting of either surface was cbhserved 
even though the power density on taryet was large. The 
photograph of Figure 4.3 was taken utilizing offset tack- 
ground illumination to provide a greater depth of field. 
Note the series of parallel ridges, the longest of which is 
about 75 microns long. The melted portion of the target 
encompassed a diameter of about 0.4 an. The area at the 
bottcm right of the photoyraph haS a much more’ rifpied 
appearance due to the radial asymmetry of the laser fulse 
and the 30° offset from normal incidence of the bean 


striking the target. 


Wee ring Formaticn 


Figure 4.4 is a lower maynification of Figure 4.3 
Showing the ring structure that was the most frequently 
cbserved damage pattern in ylass taryet shots. whis rang 
has an inner diameter of 1.2 um and an outer diameter of 1.8 
M. The ring is ccmposed of particles deposited on the 
glass that can not ke washed off with acetone or methyl 
alcohcl. Ring structures were observed to occur in all 
laser shcts of lower fower density on the entrance surfaces 
of the targets and sometimes on the exit surfaces. the 
sizes of the rings varied with power density, the larger 
Cings occurring at greater power levels. The ring structure 
of Figure 4.4 has at least four noticable concentric rings 
formed. Figure 4.5 is a close-up of a different cing struc- 
ture consisting of two outer rings with at least one inner 
Peng. Uhemotructure Of the Frings has an orange peel aprear- 
ance at higher magnifications ciearly Showing tue deposited 


Materiai on the surface. 


The size of the rings was always seen to be larger 
than the size of the damaging beam indicating that the ring 


damage was caused by the plasma and not by the laser fulse 


itself. A possible explanaticn of the ring formation is as 
follows. The initial plasma is formed in the area of the 
melted surface at a temperature of roaghly 104K. The hot 


plasma expands over the surface while still acquiring nore 
energy f£rcem the pulse at its center. As the plasma expands 
and contacts the glass surface, it cools and the plasma 
Legins to condense. Thus the outer edge of the ring struc- 
ture, according to this explanation, should mark the limit 
of plasma surface damage. This is consistent with the 
experimental evidence that indicates no damage beyond the 
cuter ring. It was once thought that the different Lings 
were formed by different components of the plasma condensing 
out at different temperatures. However, Boling and Dube 
[Ref. 1917 now believe that mode beating of the laser fulse 
"drives" the plasma so that the plasma temperature follows 
the pcwer peaks on the pulse. The radius of a particular 
ring tnen depends on the temperature of the plasma in its 
beginning stage. The temperature in this stage 1S in turn a 
function of the laser beam power a»vsorbed py the plasma. 

Another possible explana .on of the ring fcrmation 
follows from studies of laser-produced plasma clouds. 
Radial bouncing of the plasma waS Seen to occur where the 
plasma ccmes to reSt Zomentarily at the bounce radius, that 
is, at the turning foint, and then 1S accelerated Lack. 
While stopped momentarily, the plasma deposits some of its 
material in the form cf a ring. [Ref. 20] 

Figure 4.5 shows spikes of deposited material 
pointed toward the center of the laser shot. This cowlzg 
possitiy be caused [ry cooler spots at she front of the 
plasma. The inner edge of the rings was found to ke an area 


where micropitting and arcing frequently occurred. 
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Figure 4.5 King Formation (200X Optical). 
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2 hee 4.7 Ring Structure Showing Large 
icropit at Periphery (200X Optical). 
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Figure 4.9 Micropit of Figure 4.8 


(800X Optical). 





Figure 4.10 Undamaged Slide, In 
Showing Surface Defects (80 
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Figure 4.11 Large Micropit Damage Area 400X Optical). 





Figure 4.12 Micropit Damage Area (800X Optical). 
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Figures 4.6 and 4.7 shew close-ups of the ring area 
of one slide where small pits have formed. In Figure 4.6 
the pit is in the middle of the ring and in Figure 4.7 it is 
at the inner edge of the ring. 

Figure 4.8 is a photograph of the micropit at the 
middle ring area of Figure 4.6 . The pit is slightly oval 
of length 6.0 microns, width 4.5 microns and depth akout 2.0 
microns. There is a circular ring of diameter akcut 14 
microns surrounding the pit. Apparently this is a site of 
Microplasma producticn, where the plasma has formed fron 
Material ejected from the pit area and expanded tc fcrm the 
Ting ky condensation analogous to the large ring formation 
of Figure 4.4 . Figure 4.9 is a close-up of tne pit shcwing 
the area of damage. 

Metal particle inclusions in glass have teen Shown 
to be spcts of increased thermal stress due to heatirg and 
expansion of the particle and subseguent breakdown of the 
material. Also, cracks or micropores in the glass are 
centers of local increased electric fields and suksecuent 
increased damage protabilities. Figure 4.10 is a fhoto of 
an undamaged clean slide illuminated indirectly at total 
internal reflection showing surface scratches and defects 
that exist in all such slides. These defects are areas of 
increased damage prokability due to the enhanced formation 
of standing waves that increase the local electric fields. 
The glass used as targets here is known to contain iron 
particles (about 0.03% by mole percent) wich sco ul d 
certainly have effected the damage of Figure 4.3 or rfossilcly 
a smali defect in the glass at this point is responsi fle. 

Figure 4.11 is another pit at the edge of the ring 
structure of the sample. i is larger and more rEcticakiy 
Oval than the pit of Figure 4.8 having length 17.5 microns 
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and width 10.90 micrens. Several smaller pits are sé€éen 
nearby and an area of damage extends from the pit away from 


the laser impact area (in the direction of plasma expan- 


sion). Figure 4.12 shows ancther micropit formaticn area 
near the ring structtre of a different target. These pits 
are seen to occur ihn a series of lines which lie 


perpendicular to the direction of plasma expansion along the 
plasma front. The fact that so many pits occur ina small 
region leads to the conclusion that the glass in this area 
must have contained surface defects that created "hot spots" 
where the hot plasma came in CON a 6 Uamw ane fi them. 
Microflasmas were formed about these spots and the pits were 
created from the plasma formation and mini-explosion acccn- 


panying the high field intensities. 


Be. UNIPCLAR ARCING 


Figure 4.14 is a scanning electron Micrograph of an area 
near the edge of the ring structure of a target slide. This 
photograrh shows many Small holes about 1 micron or smaller 
in diameter that are possibly unipolar arc craters. The 
crater density is akcut 108/cmée. These holes have been 
cbserved in a great number of the target slides always near 
the inside edge of the ring structure. The size of the 
holes varies considerably with the largest visible in the 
upper left corner cf Figure 4.14% at a diameter of 1.0 
microns. The outline of the holes is fuzzy preventing a 
more useful interpretation of the picture. This fuzziness 
waS apparent at high magnifications of the SEM frimarily 
tecause of the poor ccnducting qualities of even the coated 
slides. However, it appears possible that each hole nay 
have a rim which is characteristic of unipolar arc craters 
in conductors. The fact that the holes are small agrees 


with the theory addressed in Charter II that, in crder for 
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aaci no MeOumOCcCULMIN sn roonm CONdUCtOors, the radially inward 
surface return current must converge to a smaller cathcde 
spot. 

Figure 4.15 is a further magnified view of a different 
group of arc holes. The center hole is much larger than the 
snaller surrounding holes and 1S not circular but ovally 
Shaped. The center hcie is about 1.6 microns long and about 
0.8 micrens wide while the surrounding holes have average 
diameter of about 0.3 microns. 

Figure 4.13 is an optical micrcscope view at highest 
Magnification of apparent craters. The craters are grcured 
at the center of the fhoto. Dust and interference patterns 
account for the poor guality of the picture. The holes 
appear tc te of various sizes that average about 1.0 Micreons 
or less. These correlate roughly with the holes of Figure 
Weta. 

Cemparison of craters found in laser damaged conducting 
Materials with the hcles of Figures 4.14 through 4.13 1s 
quitficult for variocus reasons. Views of arc craters in 
conducting materials were seen at lower magnificaticns of 
the SEM and thus were easier to obtain. The V@barers here 
were not visible at magnifications less than abcut 6&00X. 
Fefore specific conclusions can be made concerning these 


holes, mcre research reeds to be done in this area. 
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Figure 4.13 Craters Observed in Opes Microscope 
at Hignest Magnification (800X Optical). 
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Figure 4.14 Craters at Inner xing Area (5000X SEM). 
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puoare 8.15 Possiktle Unipolar Are Craters (10,000X SEM). 
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V. SUNMARY, CONCLUSIONS, AND RECOMMENDATIONS 

The groklem of lasSer-induced plasma surface damage in 
glass 1S a complex and fascinating one. So many variables 
are involved in some way in the damage process that, even 
under the most controlled experimental conditions, it is 
sometimes impossible to limit investigation of damage to one 
mechanism. In the final analysis, as is the case in sc many 
endeavors, it is the interaction of particles on the atomic 
level that must be examined to fully understand the frocess. 

The energy transfer process induced by a high fower 
laser striking a glass target begins by evaporation and 
lonizaticn of particles at or near the surface to form a hot 
plasma. At the high energy densities achieved in these 
experiments, the plasma can reach temperatures greater than 
10*K as it expands and begins to interact with the entrance 
surface. The plasma continues to be heated by the remainder 
ef the laser pulse on the entrance surface while shielding 
the impact area of the target from the laser puise if high 
enough plasma densities are obtained initially. Therral 
stress from the hot plasma can crack and warp the surface. 
This heating of the surface by the plasma can cause pitting 
at particie inclusion areas where the stress of the rarticle 
against the glass can be greater than the fracture strength 
of the glass. Microcracks or pores can create pockets of 
high amplitude standing waves which increase damage frob- 
abilities in areas reached by the pulse. The cooling cf the 
plasma upon expansSicr finally leads to deposition of the 
plasma farticles on the glass in ring formations. 

On the exit surface, high density plasma formation can 
create high amplitude standing waves at or just inside the 


sucface that lead in some cases to micro-explosions that 
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create large holes in the exit surface. The exit surface is 
also susceptible to other forms of damage seen on the 
entrance surface excert possibly for thermal stress because 
of the energy absorption that takes place in the glass and 
the entrance plasma. 

Stall holes found in most targets near the ring fcrma- 
tions indicate the possible occurrence of unipolar arcing as 
a damage mechanism. high plasma temperatures uitimately are 
needed for unipolar arcing to occur. The return current 
that closes the current loop to maintain plasma cquasineu- 
Meaqlity Can OCCU if the surface of the glass has heen 
heated enough by the plasma to increase its electrical 
conductivity sufficiently. In the laser impact area, 
melting and thermal upheaval of the surface at these high 
energy densities would hide any unipolar arcing that might 
have cccurred there. 

Although further study of the unipolar arcing phenorenon 
in glass is needed, it is not unreasonable to conclude that 
unipolar arcing exists to some degree and may be signifi- 
cant. To what degree and how serious a problem it may ke is 
a matter for further study. The other damage mechanisms 
investigated are real and pose a great problem to glass 
Manufacturers and alsc to future weapons designers as laser 
weapons become widesrfread. Although transparent, qeacs 
absorrs about 8% of all radiation that lmpinyes on it. As 
seen in this thesis, this figure can become higher as ¢lasma 
formation increases the absorption at the surface. 

Unipclar arcing in non-conducting materials needs tc be 
Studied further. Possible future experiments could examine 
lower energy densities nearer threshold for arcing damage. 
More refined technigues especially in the use of the SEM 
with ncn-conducting materials are needed. he Saagn Guar. Gy 
glass pelished to eliminate most surface defects and manu- 


factured carefully tc eliminate metal inclusions cculd be 
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obtained and used for targets. Carefully controlled experi- 
ments such as these could aid considerably in increasing 
understanding of this topic. 
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